For cells of the yeast Saccharomyces cereviswae, heat shock causes a transient inhibition of the cell cycle-regulatory step START. We have determined that this heat-induced START inhibition is accompanied by decreased CLNI and CLN2 transcript abundance and by possible posttranscriptional changes to CLN3 (VWHI/DAFI) cyclin activity. Persistent CLN2 expression from a heterologous promoter or the CLN2-1 or CLN3-1 alleles that are thought to encode cyclin proteins with increased stability eliminated heat-induced START inhibition but did not affect other aspects of the heat shock response. Heat-induced START inhibition was shown to be independent of functions that regulate cyclin activity under other conditions and of transcriptional regulation of SW74, an activator of cyclin transcription. Cells lacking Bcyl function and thus without cyclic AMP control of A kinase activity were inhibited for START by heat shock as long as A kinase activity was attenuated by mutation. We suggest that heat shock mediates START blockage through effects on the G1 cyclins.
without removing cells from the mitotic cell cycle (11) .
In the course of other studies, we noticed that heat shock results in decreased transcript abundance for a number of genes, including the CLN1 and CLN2 genes that encode two of the G, cyclins described above (38) . We have now more thoroughly investigated these transcriptional effects and show here that the characteristic inhibition of START by heat shock is affected by altered cyclin expression. We have also assessed the effect of altered cyclin protein stability (17, 31, 36) on the heat shock response and the involvement of known regulators of G, cyclin expression on heat-induced cell cycle blockage. * Corresponding author.
MATERIALS AND METHODS
Strains and plasmids. The yeast strains used are listed in Table 1 . Plasmids YCpG2-CLN2 (53) , containing the wildtype CLN2 gene under the control of the GALl promoter, and Bd824, containing the SWI4 gene under GAL control, were provided by C. Wittenberg and L. Breeden, respectively. The CLN3 (WHIJ/DAFI) gene was disrupted by using plasmid pWJ310 (31) , provided by B. Futcher, and the disruption was confirmed by Southern analysis. For each analysis, the behavior of mutant strains was compared with that of an appropriate wild-type control strain.
Culture conditions and assessment of cellular parameters.
Cells were grown in YM1 complex liquid medium supplemented with 2% glucose or in YNB defined liquid medium supplemented with 2% glucose, amino acids (40 ,ug/ml), and nucleotide bases (20 ,ug/ml) as required to satisfy auxotrophies (18, 22) . Cell concentration was determined with an electronic particle counter (Coulter Electronics Inc.), and cell morphology was assessed by direct microscopic inspection (19) . Routinely, proliferating cells were subjected to heat shock at cell concentrations of approximately 5 x 106 cells per ml. Before assessment of cellular parameters, cells were fixed in Formalin and sonicated briefly to disrupt any clumps (19) , and at least 200 cells were scored for each determination. Acquired thermotolerance was assessed as described before (2) . Northern (RNA blot) analysis. Cells were grown at 23°C to a concentration of 4 x 10' to 6 x 106 cells per ml before a portion of the culture was shifted to 37°C and incubated further. Total RNA was extracted as described before (35, 41) . Equal amounts of RNA (usually 20 ,ug per lane) were denatured and resolved electrophoretically through formaldehyde-agarose gels (29) . RNA was transferred to a nylon membrane (NEN Research Products) and cross-linked by UV irradiation with a model 2400 cross-linker (Stratagene). Hybridization with restriction fragnents was done as described before (45) .
HEAT SHOCK AND G1 CYCLINS IN S. CEREVISAE (13) , respectively (3a).
Restriction fragments used to visualize transcripts. The CLN1 probe was a 1.6-kbp NdeI-BamHI fragment carried on plasmid pRK171, and the CLN2 probe was a BamHI fragment from pUC10-CLN2, both provided by C. Wittenberg. The CLN3 probe was a 1.6-kbp EcoRI-XhoI fragment from a plasmid containing the CLN3 gene, provided by F. Cross. The specificity of each cyclin probe was confirmed by Northern analysis of RNA from cyclin-disrupted strains (data not shown). The ACTI probe was a 1-kbp HindIIIXhoI fragment from pRS208, a gift from R. Storms. The SWI4 probe, provided by L. Breeden, was a 3.1-kbp PstIBamHI fragment from pIC19R, and the SSA3 probe was a 750-bp RsaI fragment from pUC9-SSA3.
RESULTS
Heat shock inhibits cyclin gene expression and START.
Cells proliferating at 23°C were transferred to 37°C, and samples were removed at intervals for assessment of bud morphology. (For this yeast, the presence of a bud reflects the cell cycle position: cells in the G1 interval of the cell cycle are unbudded [20] .) As expected (24) , wild-type cells responded to this heat shock by transiently accumulating in the unbudded (G1) interval of the cell cycle, at the regulatory step START (Fig. 1A) . The heat-induced inhibition of START is only temporary, and cells soon resume proliferation even when maintained at the elevated temperature (24) (data not shown). We determined the abundance of cyclin transcripts for these heat-shocked cells. As shown in Fig.  1B , CLNI and CLN2 transcript abundance was decreased by 20 min after the transfer to 37°C. Like the effect of heat shock on START, the effect of heat shock on CLNI and CLN2 transcript abundance was also transient. Within 40 to 60 min after the transfer to 37°C, the levels of CLN1 and CLN2 transcripts increased (Fig. 1B) . Thus, upon heat shock the inhibition of cyclin expression occurs prior to the inhibition of START, and the recovery of cyclin transcript levels occurs prior to the performance of START. Because cyclin gene expression is necessary for the performance of START (37) , it is reasonable to infer that heat shock could inhibit START, at least in part, by decreasing cyclin expression.
To test the effects of continued transcription of cyclin genes, we heat-shocked cells that were expressing the wildtype CLN2 gene from a heterologous promoter, the GALI promoter (37) . As shown in Fig. 1G and H, for these cells growing in medium with galactose as the carbon source, the levels of CLN2 transcript expressed from the GALl promoter remained high during heat shock, and there were no signs of START inhibition (no accumulation of unbudded cells). This aberrant cell cycle response to heat shock was not simply the result of inhibition of progress through another stage of the cell cycle, because heat-shocked cells expressing high levels of CLN2 transcript continued to proliferate, with kinetics indistinguishable from those of the isogenic wild-type control cells (data not shown). Persistent CLN2 transcription during heat shock therefore suppresses the inhibition of START.
Expression of the CLN2 gene from the inducible GALl promoter results in greater transcript abundance than expression from the endogenous CLN2 promoter ( Fig. 1 legend) . We therefore also determined the effect of lower levels of persistent CLN2 expression on the heat shock response. Low concentrations of glucose have been shown to decrease but not abolish expression from GAL promoters (1), and we found that addition of 0.25% glucose to cells proliferating in 2% galactose decreased GALl-regulated CLN2 transcripts to a level only slightly higher than that of the endogenous CLN2 transcript (Fig. 1I , and data not shown). (This experiment was performed with a GAL1-CLN2 transformant harboring a chromosomal cln2 null mutation [ Table 1 ], so that the only detectable CLN2 transcript was GALI regulated.) As shown in Fig. 11 , after heat shock the CLN2 transcript persisted at the same level as the endogenous CLN2 transcript in proliferating control cells. This persistent but low-level GALI-CLN2 expression also markedly decreased the cellular response to heat shock (Fig. 1G , and data not shown). Thus, persistent CLN2 expression at physiological levels during heat shock prevents the inhibition of START.
VOL. 13, 1993 on Likewise, cells of the wild-type strain JHY627 and the CLN2-1 mutant strain GCY24 (D, E, and F), and the Acln2 strain CWY229 transformed with the pGAL-CLN2 plasmid (G and I) were grown at 23°C and transferred to 37°C at time zero. Strain CWY229 was grown in defined medium lacking uracil to maintain the pGAL-CLN2 plasmid and supplemented with 2% galactose to express the GAL-regulated CLN2 gene. Before heat shock, glucose was added to a final concentration of 0.25%, and cells were allowed to proliferate for at least three generations. Note that the CLN2 transcript levels displayed in panel H for cells harboring the pGAL-CLN2 plasmid growing in 2% galactose alone were higher than those in untransformed wild-type cells, which in this exposure were barely detectable (data not shown). (A, D, and G) Cell morphology. 0, wild type; 0, mutant or transformed; A, pGAL-CLN2-transformed Acln2 cells; (B, E, and H) CLNI, CLN2, CLN3, and ACTI transcript levels; (C and F) SSA3 and ACTI transcript levels; (I) CLN2 and ACTI transcript levels.
Increased cyclin stability prevents heat-induced START inhibition. All three G1 cyclins have been inferred or demonstrated to be unstable proteins (7, 36, 37, 48, 53) . Decreased cyclin transcript abundance might therefore be expected to cause a rapid depletion of cyclin proteins (37) . Thus, the inhibition of cyclin gene transcription that we observe after heat shock may affect START in part by depleting the supply of functional Clnl and Cln2 cyclins. Conversely, cyclin proteins that persist because of increased stability might prevent the heat shock-induced START inhibition. To test this idea, we took advantage of the CLN2-1 allele, thought to encode a hyperactive and/or hyperstable form of the Cln2 cyclin protein (17, 36) . The mutant cyclin protein encoded by CLN2-1 lacks the C-terminal portion of the Cln2 protein, implicated in targeted cyclin degradation (17, 36) .
The CLN2-1 allele prevented the typical transient accumulation of unbudded cells after heat shock (Fig. 1D) (Fig. 1E) . Thus, the ability of the CLN2-1 allele to prevent the heat-induced inhibition of START most likely resulted from the persistence of Cln2 activity rather than from continued Cln2 synthesis.
CLN2-1 mutant cells display other heat shock responses. The inability of CLN2-1 mutant cells to respond to heat shock by transiently inhibiting START does not reflect a more general inability of mutant cells to respond to the stress imposed by heat shock. As another measure of the heat shock response, cells were assayed for the heat-inducible (Fig. 1B) , suggesting that if Cln3 protein activity is involved, it would have to be inhibited at a posttranscriptional level.
To examine the possibility that heat shock inhibits the activity encoded by the CLN3 gene, we characterized the effects of heat shock on cells lacking both CLN1 and CLN2 (see Materials and Methods). These Aclnl Acln2 doublemutant cells are kept alive (and able to perform START) by the activity of the CLN3 gene (37) . We found that these Aclnl Acln2 cells also became transiently blocked at START after heat shock ( Fig. 2A) . In these double-mutant cells, as in wild-type cells, CLN3 transcript abundance was not decreased by heat shock (Fig. 2B) (31, 48) and in this sense is analogous to the CLN2-1 allele described above. As found for CLN2-1, the CLN3-1 allele had no effect on the usual transient decrease in CLNJ and CLN2 transcript levels after heat shock (Fig.  2D ) but prevented the transient inhibition of START (accumulation of unbudded cells) (Fig. 2C) . CLN3-1 mutant cells also continued through the cell cycle after the temperature shift, with kinetics similar to those of the wild-type control population (data not shown). The prevention of heat-induced START inhibition by the CLN3-1 allele is consistent with a requirement for decreased Cln3 protein activity, mediated posttranscriptionally, to bring about START inhibition by heat shock.
Cyclin proteins are individually dispensable for heat-induced START inhibition and decreased transcription. In other situations, the transcription of the CLN1 and CLN2 genes has been found to be influenced by the activity of the Cln3 protein (8, 10) , raising the possibility that the heat shock effects on CLNJ and CLN2 transcript levels could be mediated by an inhibition of Cln3 protein activity. However, we found that AcIn3 mutant cells, without Cln3 activity, also exhibited decreased CLN1 and CLN2 transcript levels after heat shock (Fig. 3, and data not shown) . Furthermore, single-mutant cells lacking Clnl or Cln2 protein activity also showed normal transcriptional responses to heat shock (Fig.  3) despite the somewhat lower initial cyclin transcript levels in the Aclnl mutant cells. These heat-induced decreases in transcript abundance for each single-mutant strain demonstrate that the transcriptional response to heat is not mediated by any single cyclin. Similarly, each single-mutant strain devoid of one of the G1 cyclin proteins still showed the usual heat-induced inhibition of START (Fig. 3) .
In some cases, including the Acln3 experiment (Fig. 3F) (6) , while the FUS3 gene (13) is necessary to inhibit both the activity of the Cln3 protein and the transcription of the CLNJ and CLN2 genes (12) . We found that the absence of Farl or Fus3 activity did not affect the heat-induced inhibition of START and the heat-induced decreases in abundance of the CLNJ and CLN2 transcripts (Fig. 4) . Other forms of regulation must therefore inhibit cyclin gene expression during the heat shock response.
Heat shock decreases SWI4 expression. Positive regulation of cyclin activity involves two Swi4-mediated events: transcriptional activation of CLNI and CLN2, and activation of the Cln3 protein (32, 34) . The SWI4 gene is essential for robust cyclin gene expression and continued cell proliferation after heat shock (34) . Therefore, one possibility is that decreased CLNJ and CLN2 transcript abundance may be mediated by heat-induced inhibition of Swi4 activity. As shown in Fig. 5A , the abundance of SWI4 transcripts showed a modest transient decrease after heat shock, which paralleled the decreases in CLN transcript abundance. This SWI4 transcript decrease, coupled with the short half-life of Swi4 protein (3), raises the possibility that heat shock may lead to decreased Swi4 levels.
To assess any involvement of Swi4 protein in heat-induced CLN transcriptional effects, strains were constructed in which SWI4 gene expression was regulated by a GAL promoter and therefore largely unaffected by heat shock (3) (Fig. 5C ). Cells transformed with a pGAL-SWI4 plasmid were grown on galactose to express SWI4 from the heterologous GAL promoter. Heat-shocked cells carrying this pGAL-SWI4 construct still showed decreased CLN1 and CLN2 transcript abundance (Fig. 5C ). The heat-induced effects on cyclin gene expression may therefore be modulated by a mechanism that is independent of SW!4 transcriptional regulation, although we cannot exclude posttranscriptional modulation of Swi4 upon heat shock.
Heat-shocked cells expressing the GAL-SWI4 gene also accumulated as unbudded cells (Fig. 5B) Fig. 1. (B function leads to A kinase activity unbridled by cAMP (33) .
A mutation in the BCY1 gene has been reported to eliminate the transient accumulation of unbudded cells brought about by heat shock. This finding suggests that cAMP regulation of A kinase activity may be involved in START inhibition after heat shock (42) .
We determined the heat shock response of bcyl mutant cells completely lacking the Bcyl regulatory activity because of disruption of the BCY1 gene. Each Abcyl cell also contained only a single version of the three redundant cAMP-dependent protein kinase (TPK) catalytic subunits (33, 47) , with catalytic activity attenuated by a tpkw mutation (33) ( Table 1 ). The Abcyl tpklw and Abcyl tpk2w mutant cells with attenuated kinase activity still underwent transient START inhibition after heat shock (Fig. 6A, and data not shown), and Abcyl tpkw Acln3 cells were similarly inhibited (Fig. 6C) . The behavior of the Abcyl tpkw cells shows that a heat-induced inhibition of START can take place without cAMP modulation of A kinase activity.
The Abcyl tpkw cells were similar to wild-type cells in decreases in CLNI and CLN2 transcript abundance (compare Fig. 6B with Fig.1B) . Thus, the heat shock regulation of CLNI and CLN2 transcript levels is unaffected by this cAMP-independent A kinase activity.
Heat shock gene induction is not affected by cAMP-independent A kinase activity. In addition to showing normal heat shock decreases in CLNJ and CLN2 transcript abundances, Abcyl mutant cells behaved like wild-type cells in heat induction of the SSA3 heat shock gene (Fig. 6D) . Thus, in bcyl mutant cells many transcriptional aspects of the heat shock response remain intact.
DISCUSSION
Heat shock induces a variety of changes in yeast cells, including altered gene expression and a transient inhibition of the cell cycle-regulatory step START. The altered gene expression after heat shock includes the inhibition of expression of many genes (16, 40, 50, 51) . We show here that two additional genes whose transcript abundance decreases after heat shock are the G1 cyclin genes CLN1 and CLN2. A third cyclin gene, CLN3, was unaffected in transcript abundance by heat shock.
Based on the finding that G1 cyclin proteins are rate limiting for START (26) , it is reasonable to assume that the inhibition of START caused by heat shock may necessitate the inactivation of G1 cyclins. We have shown that heat shock does in fact decrease expression of the CLNI and CLN2 genes, so that Clnl and Cln2 protein levels may also be affected by these decreases. The situation for Cln3 is different, because CLN3 transcript levels are maintained during heat shock. Indirect evidence is consistent with posttranscriptional inhibition of Cln3 activity by heat shock. Different G1 cyclins are implicated in the performance of START in mother and daughter cells; the Clnl and Cln2 cyclins are necessary for the normal timing of START in daughter cells, while the Cln3 cyclin has a significant role for START in mother cells (26) . We have found that both mother and daughter cells accumulate as unbudded cells after heat shock (25) , suggesting that the Cln3 activity that is necessary for START in mother cells may be inhibited by heat shock.
The supposition that decreased Cln2 activity is necessary for heat-induced START inhibition is supported by the findings that both the presence of the CLN2-1 allele and expression of the CLN2 gene from a heterologous promoter prevented the inhibition of START by heat shock. Likewise, inactivation of Cln3 activity by a posttranscriptional mechanism is consistent with the effects of the CLN3-1 allele, encoding a stabilized Cln3 protein (48) , and with the heatinduced START inhibition, without decreased CLN3 transcript abundance, in cells lacking functional Clnl and Cln2 proteins. Although other explanations are possible, including heat shock inhibition of activities downstream of the G1 cyclins, a simple model is that heat-induced inhibition of START is mediated through effects on cyclins.
The transient inhibition of START is distinct from other aspects of the heat shock response, since even in CLN2-1 and CLN3-1 mutant cells that were not inhibited for START, heat shock still resulted in acquired thermotolerance and in transcriptional alterations, such as increased expression of the SSA3 heat shock gene and decreased abundance of the CLN1 and CLN2 transcripts. Thus, the involvement of cyclins during heat shock is limited to effects on START.
For cells to display the effects of a temporary inhibition of START (seen as a transient accumulation of unbudded cells) after heat shock, the heat-shocked cells must be able to complete cell cycles that were in progress at the time of heat shock. For all cases examined here, including situations in which mutant cells did not undergo a transient accumulation of unbudded cells, progress through the post-START cell cycle continued after heat shock, and heat-shocked cells continued to proliferate. Thus, in each case, the absence of an accumulation of unbudded cells was the result of continued START activity.
The heat-induced decreases in CLN transcript abundance seen here are analogous to the effects of the pheromone response pathway. Like heat shock, pheromone signalling also leads to decreased transcript abundance for CLNJ and CLN2 but not for CLN3. The effects of the pheromone response pathway are achieved in part by the negative regulatory proteins Farl and Fus3, acting at a transcriptional level (6, 12, 13) . We show here that neither the CLN transcriptional effects after heat shock nor the heat-induced START inhibition involves Farl or Fus3 activity. These results indicate that additional regulatory factors account for decreased CLNJ and CLN2 transcription after heat shock.
The essential Cdc68 protein, which maintains CLNI and CLN2 transcript levels (38) , is unlikely to be a regulatory factor mediating the heat shock effects on these transcripts. Heat shock does not affect CLN3 transcript abundance (Fig.   1B) , whereas decreased Cdc68 function leads to decreased transcript abundance for CLN3 in addition to CLNI and CLN2. On the other hand, the Swi4 protein, which is another positive regulator of CLN1 and CLN2 gene expression, could be involved in regulation of CLN transcript levels during heat shock (32, 34 and CLN2 transcript abundance. Therefore, the heat-induced decreases in SW!4 transcript levels may contribute to decreased CLNJ and CLN2 transcript abundance, but heat shock must also inhibit CLNI and CLN2 expression in a manner independent of SWI4 transcription.
The regulation of cyclin transcription includes a positive feedback loop in which increased cyclin activity stimulates transcription of the CLNI and CLN2 genes, presumably through indirect activation of the Swi4 transcription complex (8, 34 (9) .
The inhibition of START by heat shock is not seen without some restraint of A kinase by mutation or cAMP-mediated control. The finding that heat shock can inhibit START in the absence of cAMP modulation of A kinase activity points to an effect of heat shock that opposes the effects of A kinase activity, or perhaps to a cAMP-independent modulation of A kinase itself. An example of a regulatory activity that works in opposition to A kinase is that of the Yakl protein kinase, which is a negative regulator of growth and antagonizes the effects of A kinase (14, 15) . The Yakl kinase is unlikely to be involved in heat-induced START inhibition, however, because mutant cells without Yakl activity still show heat shock inhibition of START (25) .
